The dynamics of light-induced dissociation of iron-boron (FeB) pairs in p-type crystalline silicon is investigated. The dissociation is observed to be a single-exponential process which is balanced with thermal repairing. The dissociation rate is proportional to the square of the carrier generation rate and the inverse square of the FeB concentration. This suggests that the dissociation process involves two recombination or electron capture events. A proportionality constant of 5 ϫ 10 −15 s describes the dissociation rate well in the absence of other significant recombination channels. The dissociation rate decreases in the presence of other recombination channels. These results can be used for reliable detection of iron in silicon devices and materials, and for further elucidation of the electronically driven FeB dissociation reaction.
The dynamics of light-induced dissociation of iron-boron (FeB) pairs in p-type crystalline silicon is investigated. The dissociation is observed to be a single-exponential process which is balanced with thermal repairing. The dissociation rate is proportional to the square of the carrier generation rate and the inverse square of the FeB concentration. This suggests that the dissociation process involves two recombination or electron capture events. A proportionality constant of 5 ϫ 10 −15 s describes the dissociation rate well in the absence of other significant recombination channels. The dissociation rate decreases in the presence of other recombination channels. These results can be used for reliable detection of iron in silicon devices and materials, and for further elucidation of the electronically driven Iron is an important contaminant in silicon-based integrated circuit and solar cell technology. The presence of interstitial iron ͑Fe i ͒ in silicon can dramatically reduce the nonequilibrium carrier lifetime, even at very low concentrations. Therefore the most sensitive technique available for detecting iron contamination is based on lifetime or diffusion length measurements.
1 It utilizes the fact that the iron content of a boron-doped p-type Si wafer can be deliberately cycled between being mostly present as Fe i or as pairs with substitutional boron: ͑Fe i ͒ + ͑B s ͒ − pairs. At room temperature in thermal equilibrium virtually all Fe i is present as FeB pairs. FeB pair dissociation can be accomplished by illumination at room temperature, 2 by minority carrier injection, 3 or by increasing temperature which shifts the equilibrium state of Fe i and B to isolated ions. 1 The isolated and paired form of interstitial iron have markedly different recombination properties. 4, 5 This leads to significant changes in carrier lifetime and diffusion length after dissociating the FeB pairs. Assuming that all other recombination processes remain unchanged, the FeB concentration can be found by measuring the carrier lifetime before ͑ 0 ͒ and after ͑ 1 ͒ pair dissociation: ͓FeB͔ = C͑ 1 −1 − 0 −1 ͒. The use of the known recombination parameters of both FeB pairs and Fe i provides the prefactor C. 6 This technique for detection of iron has become widely used in commercial applications for contamination control in microelectronics, as well as being an extremely useful tool for researching iron in silicon and gettering processes in silicon photovoltaics.
The repairing kinetics of FeB was investigated previously by Zoth and Bergholz 1 and was reported to follow an exponential behavior with repairing rate ⌫ r = ͑N A T / 4.3 ϫ 10 5 ͒exp͑0.68 eV/ k B T͒ with the boron dopant density N A in cm −3 and T in K. The kinetics of the light-induced dissociation of FeB has not been reported in detail, even though illumination is most often used in practice. It is believed that the process is recombination-enhanced or recombinationinduced. This letter presents experimental results and modeling which describe quantitatively the light-induced dissociation, and provide insight into the dissociation mechanism and the dependence on sample characteristics. The results are compared to earlier carrier-injection driven FeB pair dissociation reported by Kimerling and Benton. 3 As these authors noted, apart from the technological relevance, the dissociation is in itself an interesting object for study of electronically driven defect reactions.
Details of the investigated samples are given in Table I . Most of the experiments were performed on monocrystalline float-zone (FZ) silicon. Some multicrystalline (mc-Si) samples were also investigated because of the dominance of this material in solar cell technology. The FZ samples were contaminated with Fe by implantation or indiffusion. 4 mc-Si already contains a significant amount of interstitial Fe from the growth process and therefore the mc-Si samples did not receive any additional iron. The samples received a surfacepassivating SiN x coating (surface recombination velocity less than 100 cm/ s) and carrier lifetime was measured by quasisteady-state photoconductance (QSSPC). 7 The total FeB concentration was determined by lifetime change after intense illumination, sufficient to dissociate all FeB pairs. In two samples the surface recombination rate was deliberately increased, for sample FZ8* by corona charging the SiN x coating, and for sample MC1c* by omitting the SiN x coating altogether.
The FeB dissociation was accomplished by illumination with halogen lights, at or slightly below room temperature. Intervals of illumination were alternated with measurements of the momentary FeB concentration. The repairing during each measurement can be calculated and is only significant (4%-10%) in a few samples with high [FeB] and high N A , in which case the measurements were corrected for this effect. The minority carrier generation rate G due to the illumination was calculated from the illumination level in suns, 8 as measured with a high-efficiency silicon solar cell. 1 sun was estimated to result in G = 2.1ϫ 10 17 cm −2 s −1 / t, where t is the sample thickness. In samples FZ1b and MC1c* the carrier diffusion length was so low that the excess carrier density was inhomogeneous over the thickness of the sample, therefore t was replaced by an effective thickness. Figure 1 shows FeB dissociation data of sample FZ8 for two illumination intensities, as an example of typical curves. The results are expressed in n͑t͒ϵN FeB ͑t͒ / N FeB ͑0͒, i.e., the concentration of FeB pairs after illumination for a cumulative duration t, relative to the total concentration at t =0. It can be observed that the FeB concentration initially follows a single-exponential curve, but for large t flattens off to an asymptotic value larger than zero. This behavior can be described by a single-exponential light-induced FeB dissociation process with rate ⌫ d , balanced with the thermal repairing process with rate ⌫ r . If dissociation and repairing rates do not depend on the relative concentrations of Fe i and FeB, then dn / dt =−n͑t͓͒⌫ r + ⌫ d ͔ + ⌫ r , and
Equation (1) was used to fit the data in Fig. 1 . It is clear that within measurement accuracy the model describes the data well. For accurate determination of the FeB dissociation rate ⌫ d for all samples, we have used the fact that the initial decay rate of ln͓n͑t͔͒ equals ⌫ d , i.e., ͑d / dt͒ln͓n͑t͔͒ t=0 = ⌫ d . Deriving ⌫ d from a fit to the complete n͑t͒ curve is complicated by the fact that for low illumination levels recombination through Fe i is more effective than through FeB. Thus, as FeB is being dissociated and replaced by the more recombination-active Fe i , the recombination per FeB center is reduced. It can therefore be expected that ⌫ d decreases as n͑t͒ is reduced. In agreement with this, we generally found the asymptotic value n͑ϱ͒ = ⌫ r / ͑⌫ r + ⌫ d ͒ to be larger than the value calculated from the t = 0 value of ⌫ d and the independently determined value of ⌫ r .
For several samples, ⌫ d was determined as a function of minority carrier generation rate G. Those measurements followed a power-law dependence ⌫ d ϰ G m . Table I lists the fitted value of m for each sample, which varies around m =2. Under steady-state conditions, the generation G is balanced by recombination. Recombination in the FZ wafers is dominated by FeB and Fe i (at t = 0, by FeB only). The scaling of ⌫ d with G m , with m Ϸ 2, therefore indicates that two recombination or electron capture events through an FeB center are responsible for the dissociation.
If the FeB dissociation rate depends on the square of the recombination rate through the FeB centers, it may then also be expected that, for constant G, samples with different FeB concentration show a scaling ⌫ d ϰ ͓FeB͔ −2 . To verify this, in Fig. 2 all measured dissociation rates are plotted as ⌫ d ϫ ͓FeB͔ 2 versus carrier generation rate. The FZ sample data in Fig. 2 , with the exception of samples FZ1a and FZ20, are indeed quite well arranged on a single line:
with K Ϸ 5 ϫ 10 −15 s. This means that the square of the recombination rate per FeB center determines ⌫ d . The cause for the deviation of FZ20 is unclear. The deviation of FZ1a and of the mc-Si samples is attributed to the existence in these samples of significant other recombination channels.
Note that the carrier lifetime is strongly injection-level dependent, and therefore the excess carrier density does not scale linearly with G. Scaling of ⌫ d with G is therefore different from scaling with excess carrier density.
If there are other recombination channels (defects, other impurities, surface recombination), the recombination per FeB center is reduced and therefore a lower dissociation rate is expected. We describe the recombination through such other recombination channels by a rate other −1 , and the recombination through FeB by the rate FeB −1 . Table I shows for each sample the ratio other / FeB at an excess carrier density of 10 15 cm −3 . Indeed, when the surface recombination of sample FZ8 was increased by corona-charging of the SiN x , a reduction of the ratio other / FeB from 3.4 in FZ8 to 1.5 in FZ8* resulted in a reduction of ⌫ d ϫ ͓FeB͔ 2 / G 2 from 8 to 5ϫ 10 −15 s. Similarly, for samples MC1c and MC1c*, the absence of a surface-passivating coating decreases other / FeB from 10 to 0.14 and drastically reduces ⌫ d ϫ ͓FeB͔ 2 / G 2 from 6 ϫ 10 −16 to 1.8ϫ 10 −18 s. For sample FZ1a, other / FeB = 1 is also relatively low, which may be the reason for the low value of ⌫ d ϫ ͓FeB͔ 2 / G 2 for this sample. With the present data a quantitative analysis of the reduction of ⌫ d due to other recombination channels is however impossible, because other is determined from QSSPC data at an injection level of 10 15 cm −3 , whereas a precise characterization at the injection levels actually reached during illumination (which are generally much lower) would be necessary. This is difficult to accomplish with the QSSPC method.
The results for the mc-Si samples in Fig. 2 agree well with the FZ samples. It should, however, be noted that in mc-Si samples inhomogeneities affect the results. The QSSPC technique measures the geometrically averaged lifetime. Since low-lifetime areas contribute little to the QSSPC signal, in mc-Si the FeB concentration may be overestimated (we estimate typically by a factor of ϳ2), 6, 10 and the effect of other recombination channels may be underestimated.
Finally, we compare our experiments to earlier reports of carrier-injection induced FeB pair dissociation, and consider the implications for the dissociation mechanism. Kimerling and Benton studied the kinetics of FeB dissociation by carrier injection in n + p-junctions. 3 They concluded that a charge-capture driven process was occurring, where neutralization of the ͑Fe i ͒ + removes the Coulomb attraction between Fe i and B s . They noted that by itself this neutralization is not sufficient to result in a significant dissociation rate at room temperature, and also cannot result in the observed temperature dependence with a very low activation energy of 0.1 eV.
Therefore, an additional "energy deposition process" was involved in their model. The observation of a quadratic dependence on generation level in our experiments is consistent with this interpretation. The quadratic dependence implies that two electron capture events are involved in FeB dissociation. A possible mechanism may be, for example, that the Fe i is negatively charged by two capture events, resulting in Coulomb repulsion of the Fe i B s pair. An alternative mechanism may be that one recombination event is the "energy deposition process" and a second electron capture results in neutralization of the Fe i , together resulting in pair dissociation.
Kimerling and Benton observed a linear dependence of the dissociation rate on the injected current density, between 0.1 and 1.5 A / cm 2 . This seems to contradict our experimental results. This discrepancy is presently not understood. However, the local injection levels used by Kimerling and Benton were very high and therefore Auger recombination may have masked the quadratic dependence (Auger recombination provides an "other recombination channel" as previously discussed, and increases with injection level). In any case, the results presented here are more directly applicable to light-induced dissociation, which is more widely used than dissociation by current injection.
In conclusion, we have presented results showing that the FeB dissociation rate scales with the square of the carrier generation rate, and the inverse square of the FeB concentration. The proportionality constant of 5 ϫ 10 −15 s describes the dissociation rate well in the absence of other recombination channels. These results show that the square of the recombination rate per FeB center is the determining factor for the dissociation rate, which may help to elucidate the precise dissociation mechanism. This work was supported by NOVEM (The Netherlands Agency for Energy and the Environment) and the Australian Research Council. We would like to thank A. R. Burgers for helpful advice on the modeling and Kate McClean for performing some of the measurements. L.J.G. thanks Australia and the Australian National University for their hospitality during a visit in which most of the work was performed. 
